Introduction
In the course of evaluating a conjecture of Gibbs 1 about the influence that the relatively weak attachments of molecules at crystal corners and edges may have on equilibrium crystal shapes, I showed that dynamic equilibrium between parts of a crystal, which have different bonding environments--for example, crystal edges and adjacent surfaces--creates a vacancy distribution different from that which is calculated on the assumption that the vacancy concentrations on each characteristic kind of site are independent. 2 I further showed that the dynamically determined vacancy distribution makes the total Gibbs free energy G for the system comprised of the particle and its surface a sy minimum at constant temperature T, pressure P, and fixed number of each energetically distinguishable kind of site.
In the present paper I evaluate the pressure that would be established by dynamic equilibrium between a one-component particle which is at internal equilibrium and its vapor at constant temperature, and I show that the vapor pressure so derived makes G a minimum for sy the system comprised of the particle, its surface, and its vapor. The predicted dependence of vapor pressure on particle size is significantly different from that of classical surface thermodynamic theory. The difference arises because the classical theory~ as pointed out by 1 Gibbs, rests on two assumptions; one of these implicitly forbids the suggest further experiments to test the model.
Theory
There is ample and persuasive evidence that, when crystals are undergoing net vaporization or condensation, surface features such as terraces, ledges, and kinks and nonequilibrium defects--especially screw 5 dislocations--play important roles.
But our present interest is in obtaining an expression for dynamic equilibrium for a crystal which may have perfectly faceted surfaces and which has as its only defect its equilibrium distribution of vacancies.
It has long been accepted that equilibrium between a one-component condensed phase and its vapor is maintained by a balance of molecular. fluxes between the self-adsorption layer of the condensed 5 6 phase and its vapor. ' Therefore, we can evaluate dynamic equilibrium between a particle and its vapor by first obtaining an equation for the equilibrium flux. exchange between the self-adsorption layer and the remainder of the crystal, and by then incorporating the accepted relation for adsorption layer-vapor equilibrium.
In Ref. We will make use of the equilibrium relations between the self-adsorption layer on a particular surface, and the outermost complete layer (except for dilute vacancies) of that surface, and the bulk crystal for which
If an adsorption layer on an ordered solid is dilute enough so that interactions between the adsorbed species can be neglected, the desorption flux is
where J is the molecular flux from the adsorption layer to the gas ag 0 phase, P is the standard pressure, A is the surface area, and m is the molecular mass. The corresponding flux from the gas phase that traverses any activation energy barrier to adsorption is when the pressure is equal to the fugacity J ga
0 where P is the pressure of the gas and G is the free energy per gas g g molecule when the gas is at its standard state pressure P 0 • set equal to Jga' the result can be put in the form
When J is ag (7) This same relation can be derived by setting the derivative of the total free energy of the gas with respect to the number of gas molecules equal to the derivative of the total free energy of molecules adsorbed on a fixed number of surface sites with respect to the number of adsorbed molecules.
Equations (2), (4), and (7) show that at dynamic equilibrium 0 0
The particle shape that, for a constant total number of constituent molecules, gives the lowest values of the quantities separated by equal signs is the equilibrium shape; other shapes that satisfy Eq. (8) are metastable.
Equation (8) We can obtain from Eq. (8) an equation which reveals the influence of particle size when edge and corner effects are neglected.
To do so we assume that all molecules near enough to the surface to have average molecular free energies significantly greater than the free energies of bulk molecules form a single collection of n molecules of s the same thermal free energy per molecule Gt • The reference state is s Pb, the vapor pressure for the solid when the ratio of surface area to bulk volume approaches zero. For such a particle, the vapor pressure depends on the relation t 0 0 G vb -kT in(X vb/X b) (9) where the superscripts on the mole fractions identify them as those for For a particle of significant surface area, Combining Eqs. (9) and (11) gives, because~ _ X 0 b _ 1,
The equilibrium mole fraction of vacancies in an isolated collection of i molecules in identical bonding environments is
. Therefore, the total number of vacancies,
generated on bulk and surface sites n , if the difference between mole vt fraction of vacancies and their mole ratio is neglected, is
Dynamic equilibrium redistributes these vacancies according to Eq. (2), and leads in the same approximation used in writing Eq. (13) 
Thus, because when ns/~ + 0, Eq. (15) reduces to n vb n b t .
For ns/~ « 1, Eq. (16) can be put in the form
But a sample calculation in the Discussion section shows that this approximation is unsatisfactory even for particles of -10 ~m cross section.
The dependence of vapor pressure on particle size found in Eq. (16) is a consequence of either of the alternate assumptions~ (a) from kinetics, that molecular fluxes are balanced between surface and bulk, or (b) from thermodynamics, that the total number of vacancies formed in the surface and in the bulk must be so distributed as to minimize the total particle free energy. Classical thermodynamic theory for particle-vapor equilibrium is a consequence of two assumptions which are particular to surface therinodynamics.
The first assumption, as stated by Gibbs, 1 is that masses of two phases separated by a surface S can "be divided into three parts by two surfaces, one on each side of S and very near to that surface, although where os is the change in surface area and p' and p" are the pressures in the adjacent phases which are subject to the differential volume changes ov' and ov", "has evidently the same form as if a membrane without rigidity and with a ten.sion a, uniform in all directions, existed at the dividing surface," the surface should be treated as if in tension. As long as it is supposed that a plane surface has no significant influence on the properties of adjacent bulk phases, some such assumption as this one is necessary in order to explain the experimental fact that surfaces do influence chemical and physical
behavior. But as shown below, such an assumption may be unnecessary when molecular motions are taken into account.
Discussion
The derivation of the condition for maximum stability of a crystalline particle which was presented in Ref.
2 is consistent with the classical analysis of Gibbs. Gibbs assumed that the most stable 'shape for a crystalline particle of fixed total number of constituent molecules n is the shape which requires the minimum work to form the p surface, and in a footnote following Eq. (665) he suggested that his solution is inexact because it neglects the fact that molecules in edge sites are less strongly bonded than molecules in parts of the surface away from edges. In making this suggestion, he clearly anticipated the concept of dynamic equilibrium. In Ref.
2, I used that concept to obtain the conditions for internal particle equilibrium and showed that these conditions minimize the Gibbs free energy of formation of a particle of fixed n and fixed number of various kinds of sites with the p absolute minimum work for a particle of fixed n being given by the p shape that minimizes ~(niGi + nviGvi + nikTinXi + nvikTinXvi).
In the present paper I have shown that when the principle of dynamic equilibrium is extended to include with the particle its self-adsorption layer and its vapor, the equilibrium corresponds to a minimum in the free energy of the defined particle-vapor system. These kinds of experiments will be considered in turn.
Capillary rise experiments are equally consistent with the classic and the dynamic model. In a gravitational field gradient, any gas phase must approach a steady state distribution in which the field 11 gradient is balanced by a gas pressure gradient. Consequently, the vapor pressure of a liquid is a (very weak) function of height in the field. The height to which a liquid will-rise (or fall) from the level ~Equilibrium between a vapor and a liquid particle at constant pressure of the vapor is always unstable in the sense that any increase in n that results from a statistical fluctuation yields a particle of diffgrentially lower vaporizing flux than that of the parent particle. But the explanation given elsewhere for thf 0 long persistence of crystalline particles of metastable shapes also implies that those particles which have favorable ratios of constituent molecules to low-energy bonding sites can be locally stable to growth as well_ as to shape change. of a reservoir can be predicted by minimizing the liquid surface free energy with respect to height in the field.
12 In the dynamic model, the liquid in a reservoir and capillary system would constitute a subsystem which is at internal equilibrium. Because the number of surface molecules in the liquid in such a system is usually very much less than the number of bulk molecules, the vapor pressure throughout the liquid would be essentially unchanged from that of the bulk liquid. But that vapor pressure is a function of height and must be lower at the meniscus than at the reservoir surface by the amount observed. If an identical reservoir and capillary system were placed so that its reservoir surface stood at the level of the top or bottom of the meniscus, the vapor pressure of that second reservoir at its surface would be the same as that at the top or bottom of the meniscus of the first reservoir. It seems now to be widely accepted that in small capillaries the vapor pressure lowering must be related not to the capillary radius but to an effective radius corrected for the thickness 4 5 of the film of liquid adsorbed on the capillary walls, ' and perhaps for an additional contribution to the reduction from the adsorption If it is limiting, a more conventional interpretation would be that the equilibrium diffusion source is the particle surface, so that the It is probably much harder to hold errors in relative pressures to the order of 10% in most experiments than the investigator usually recognizes. Tests of whether the dynamic model is tenable for particles should be based on experiments with particles of 1 )..lm or smaller for which the expected pressure increase is more than a factor of ten and for which the classical theory predicts less than a 10% increase.
Sintering of the particles would have to be avoided. 
